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Elongation factor Tu (EF-Tu), the protein responsible for delivering aminoacyl-tRNAs (aa-tRNAs) to ribosomal
A site during translation, belongs to the group of guanosine-nucleotide (GTP/GDP) binding proteins. Its active
‘on’-state corresponds to the GTP-bound form, while the inactive ‘off-state corresponds to the GDP-bound
form. In this work we focus on the chemical step, GTP+H,0— GDP+Pi, of the hydrolysis mechanism. We
apply molecular modeling tools including molecular dynamics simulations and the combined quantum
mechanical-molecular mechanical calculations for estimates of reaction energy profiles for two possible
arrangements of switch Il regions of EF-Tu. In the first case we presumably mimic binding of the ternary
complex EF-Tu-GTP-aa-tRNA to the ribosome and allow the histidine (His85) side chain of the protein to
approach the reaction active site. In the second case, corresponding to the GTP hydrolysis by EF-Tu alone, the
side chain of His85 stays away from the active site, and the chemical reaction GTP+H,0— GDP+Pi proceeds
without participation of the histidine but through water molecules. In agreement with the experimental
observations which distinguish rate constants for the fast chemical reaction in EF-Tu-GTP-aa-tRNA-ribosome
and the slow spontaneous GTP hydrolysis in EF-Tu, we show that the activation energy barrier for the first
scenario is considerably lower compared to that of the second case.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction The complete kinetic mechanism of EF-Tu binding of aa-tRNA to
the E. coli ribosome was described in Ref. [5]. The chemical reaction of
The hydrolysis cycle of guanosine triphosphate (GTP) provides a GTP hydrolysis leading to GDP and inorganic phosphate Pi
universal switch mechanism in controlling numerous cellular func-
tions [1-4]. One of the important guanosine-nucleotide binding
proteins, elongation factor EF-Tu, is responsible for delivering all
elongator aminoacyl-tRNAs (aa-tRNAs) to the ribosomal A site during
translation. The protein consists of a Ras-like domain (the G-domain)
that binds GTP (or guanosine diphosphate, GDP) and two p-barrel
domains which, together with the G-domain, account for interactions

with the acceptor domain of aa-tRNA. EF-Tu, GTP and aa-tRNA form a

GTP + H,0—GDP + Pi (1)

by EF-Tu itself is known to be slow while its complex with the
ribosome performs very efficiently, enhancing the reaction rate about
10° fold [6]. In this work we focus only on this chemical step of the
mechanism following our previous studies of GTP hydrolysis by the
Ras protein [7,8] and of adenosine triphosphate (ATP) hydrolysis by

stable ternary complex that binds to the ribosome. Codon-anticodon
interaction leads to conformational changes in EF-Tu and to the
formation of the activated GTPase state of the ribosome-EF-Tu-aa-tRNA
complex which is followed by the intrinsic chemical reaction of GTP
hydrolysis. Subsequent conformational changes in EF-Tu from the
GTP- to GDP-bound form lead to the aa-tRNA release while EF-Tu-GDP
leaves the ribosome. Elongation factor EF-Ts catalyzes reconstruction
of the active form EF-Tu-GTP.
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myosin [9].
The reaction scheme of the hydrolysis of GTP by the protein matrix
(M) may be described by the following scheme

M- GTP <> M*- GTP <>M*- GDP- Pi <>M**- GDP + Pi 2)

It includes the following stages: (1) active site reorganization
leading to formation of the enzyme-substrate (ES) complex M*. GTP,
(2) formation of the ternary product complex M*. GDP-Pi through the
chemical transition state (TS), and (3) product (Pi) release. Rearrange-
ments of the protein structure occur in steps 1 and 3. Our quantum
based modeling refers to stage 2 in Eq. (2), while molecular dynamics
simulations refer to the protein reorganization in step 1.


mailto:anem@lcc.chem.msu.ru
mailto:anemukhin@yahoo.com
http://dx.doi.org/10.1016/j.bbapap.2008.08.003
http://www.sciencedirect.com/science/journal/15709639

B.L. Grigorenko et al. / Biochimica et Biophysica Acta 1784 (2008) 1908-1917 1909

By performing molecular modeling we address, in particular, the
important question of the role the histidine side chain His85 (or His84
in another numbering) plays in the chemical step of GTP hydrolysis by
EF-Tu. This problem was discussed in the literature [10-13] in
relevance to site-directed mutational studies. In particular, these
studies revealed that replacement of this residue with Ala consider-
ably reduced the rate constant of GTP hydrolysis [13], while
replacement with Gln showed only a slightly reduced rate of intrinsic
hydrolysis reaction compared to the native protein [11-13]. However,
analysis of the available crystal structures from the PDB archive [14] of
EF-Tu complexed with GTP analogs 1EXM [15], 1EFT [16], indicates
that in these structures His85 points away from the active site of the
enzyme. Moreover, the side chains of Val20 and Ile61 forming the so-
called ‘hydrophobic gate’ prevent His85 to approach the active site.

According to the working hypotheses discussed in Ref. [13] the
ribosome stimulates the intrinsic GTP hydrolysis by 5 orders of
magnitude by promoting the conformational reorganization that
favors His85 approach to the active site. This suggestion is supported
by the observation that His85 is a part of the switch II region which
endures the greatest reorganization on the way from the GTP-bound
to the GDP-bound form of EF-Tu and, therefore, re-orientation of
His85 during conformational changes in EF-Tu is structurally possible.
Secondly, the crystal structure (PDBID: 1HA3) of the complex between
EF-Tu*.GDP and aurodox is reported [17] in which EF-Tu is believed to
be in the GTP-bound form. In this structure, the His85 side chain is
oriented toward the nucleotide-binding site and the flexible chain of
residues 53-64, including Ile61, does not prevent His85 from
approaching the active site. Our simulations described below are in
accord with this hypothesis of direct involvement of His85 in the
hydrolysis reaction and provide detailed visualization of the reaction
mechanism.

More generally, in this work we address the question of the
mechanism of the intrinsic chemical reaction in enzymatic hydrolysis
of nucleoside triphosphates which is still under active debate [3,18-
31]. The key issue is an assignment of the reaction mechanism to a
certain type depending on the nature of a transition state. On one
extreme, a fully dissociative transition state for the GTP hydrolysis is
represented by an intermediate that shows bond cleavage between
the +vy-phosphate group and GDP. On the other extreme, a fully
associative transition state is represented by a penta-coordinated
intermediate that shows no 3—y bridge bond cleavage but significant
amount of bond formation between the incoming lytic water molecule
and the y-phosphate of GTP. It should be noted that none of the
available experiments can determine whether the mechanism is
associative or dissociative [32]. Another popular model suggests that
the substrate GTP itself, specifically, y-phosphate group of GTP, serves
as the general base in its own hydrolysis [33,34].

Our previous simulations of the intrinsic chemical reaction of the
GTP hydrolysis in the Ras protein either by itself [7] or in the Ras-
RasGAP complex [8], of the ATP hydrolysis in myosin [9], and of the
methyl triphosphate hydrolysis in water [35,36] performed in the
combined quantum mechanical-molecular mechanical (QM/MM)
approximation allow us to conclude that in all enzymatic reactions
the reasonable minimum energy profiles with low activation energies
are consistent with the following reaction route. In all cases a low
activation energy cleavage of the P,-Ogy bond in nucleotide
triphospate and separation of the <y-phosphate from nucleotide
diphosphate occurs through a planar arrangement of the P03 group
in TS with almost unaltered lytic water molecule. Formation of the
inorganic phosphate results as a consequence of proton transfers
mediated by the neighboring molecular groups of the protein matrix.
In Ras and Ras-RasGAP catalyzed hydrolysis of GTP, the GIn61 side
chain serves as a crucial mediator. Therefore, when proceeding to
simulations of GTP hydrolysis in EF-Tu we expected to find similar
features of the reaction mechanism with an active participation of
His85 in the case of rapid enzymatic reaction.

2. Methods

We started simulations from the coordinates of heavy atoms in the
crystal structures PDBID: 1EFT solved at the resolution 2.50 A [16] of
EF-Tu from Thermus aquaticus and PDBID:1EXM solved at the
resolution 1.70 A [15] of EF-Tu from Thermus thermophilus. These
crystals accommodate the slowly hydrolizable GTP analog, 5’-
guanylylimidodiphosphate (GMPPNP), containing the NH group
instead of the bridging By-oxygen atom. Fig. 1 shows the positions
of GTP analog, GMPPNP, magnesium cation, His85, and the side chains
of the ‘hydrophobic gate’ Val20 and Ile61. The distance between N; of
His85 and P., of GMPPNP constitutes 8.5 A in PDBID: 1EXM, as shown
in Fig. 1, and 7.1 A in PDBID: 1EFT (in the latter case, a slightly different
orientation of the His85 side chain occurs).

At the first stages of the work we used the computer package
NAMD?2 [37] of molecular dynamics (MD) simulations to model the
structures of enzyme-substrate (ES) complexes for subsequent
quantum based calculations. The native GTP molecule was re-
constructed from its analog GMPPNP, the coordinates of hydrogen
atoms were introduced, and the protein was solvated by water
molecules. The model for the ES complex included 6348 protein and
ligand atoms, 108 crystal water molecules and 4047 solvent water
molecules. The CHARMM force field parameters [38] extended with
those for GTP from Ref. [39] were used in MD simulations. Initially, we
optimized positions of water molecules by the minimum energy
criterion with the fixed positions of protein and ligand atoms. Then
the constraints were lifted, and positions of all atoms were optimized.
The MD runs were performed for the model system within a
rectangular box with dimensions 61x72.5x48 A3 with the imposed
periodic boundary conditions. No constraints were imposed on the
bond lengths allowing a 1 fs time step for integration at temperature
300 K.

When starting from coordinates of the crystal structures PDBID:
1EFT or PDBID: 1EXM in MD simulations we always arrived at the
structure (called His,y: below) with the remote position of the His85
side chain relative to the <y-phosphate group of GTP. In this
arrangement, His85 side chain could not approach the active site
due to steric hindrance of the hydrophobic gate of Val20 and Ile61.
Then we prepared manually another model structure (called His;,
below) by re-orienting the His85 side chain toward the y-phosphate
group of GTP following the motifs of the crystal structure PDBID: 1THA3
[17]. For such re-arrangement we temporarily moved apart the
residues of the hydrophobic gate and shifted the residues of switch
II. Then we restored the hydrogen bond network and re-optimized
atomic coordinates. A fairly long MD trajectory (700 ps) executed for
this structure showed the His85 side chain remained close to the
active site. Rout mean square fluctuations of C,, protein atoms during
the MD trajectory was found to be relatively small, typically less than
1.2 A indicating the relative stability of the system.

The coordinates obtained in preliminary MD simulations for both
model systems, Hiso, and His;,,, were used as an initial guess for more
rigorous calculations of equilibrium geometry parameters by using
the combined quantum mechanical-molecular mechanical (QM/MM)
method [40]. To ensure that the QM/MM optimization resulted in
minimum energy points corresponding to the stable ES complexes of
Hisoye and His;, structures we numerously varied the starting sets of
coordinates around those obtained in preliminary MD simulations and
repeated QM/MM minimization calculations until the lowest energy
structures were reached.

In QM/MM calculations we used the same version of the theory as
in previous studies of enzymatic GTP and ATP hydrolysis [7-9], i.e., the
flexible effective fragment variant [41,42] of the effective fragment
potential QM/MM [43] method. This is an approach which allows one
to perform calculations close to an ab initio QM treatment of the entire
molecular system. Molecular groups assigned to the MM part are
represented by effective fragments which introduce their electrostatic
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Fig. 1. The fragment of the crystal structure PDBID:1EXM (15) showing the positions of GTP analog, GMPPNP, magnesium cation, His85, and the side chains of the ‘hydrophobic gate’
Val20 and Ile61. Here and below the carbon atoms are distinguished by green, oxygen atoms by red, nitrogen atoms by blue, phosphorus atoms by brown, magnesium by magenta.

potentials expanded up to octupoles as one-electron contributions to
the quantum Hamiltonian. These potentials, as well as contributions
from interactions of effective fragments with the QM region, are
obtained in preliminary quantum chemical calculations for separated
fragments by using ab initio electron densities. The exchange-
repulsion potentials to be combined with the electrostatic terms are
also created in preliminary ab initio calculations. Thus, all empirical
parameters are entirely within the MM subsystem. In the flexible
effective fragment version [41,42] the fragment-fragment interactions
are modeled by the force field parameters from the AMBER library
[44]. The computer program used in the simulations is based on the
GAMESS(US) [45] (more specifically, its Intel-specific version, PC
GAMESS [46]) quantum chemistry package and on the TINKER [47]
molecular modeling system.

In this application we performed partitioning of the model system
into QM and MM parts as follows. All phosphate groups of fully
unprotonated GTP molecule, the lytic water molecule, the magnesium
cation, and the side chain of His85 were assigned to the QM subsystem
in the case of the His;, structure, while for calculations for the Hisgy,
structure, an additional water molecule was introduced to the QM
subsystem instead of the His85 side chain. In total, 33 atoms
constituted the quantum subsystem and 1556 atoms combined to
473 effective fragments formed the MM subsystem for the Hisi,
structure. Correspondingly, 24 atoms in the QM part and 1481 MM
atoms combined to 448 effective fragments were considered for the
Hisoye structure.

The simulations included scans of the composite multidimen-
sional QM/MM potential energy surface in the regions where
chemical bonds or hydrogen bonds could be cleaved or formed. As
a result, the basins around presumable stationary points were
specified for more careful calculations of the local minima or saddle
points. The stationary points were located by unconstrained
minimizations (for local minima) or by constrained minimizations
(for saddle points) of the QM/MM energy. The location of a transition
states (TS) was determined based on the criterion that the gradient

of the constrained internal coordinate along an assumed reaction
path must change its sign at the presumed TS. The internal
coordinates of all atoms in the QM subsystem and positions of
effective fragments in the MM subsystem including all water
molecules were optimized. Positions of remote effective fragments
at distance greater ~ 10 A from the reaction center were kept fixed
as in the crystal structure.

As in our previous simulations of enzymatic GTP and ATP
hydrolysis [7-9], quantum calculations were carried out by using
the Hartree-Fock approach in the QM part. The polarized “LANL2DZdp
ECP” basis set (and the corresponding pseudopotential for phosphorus
[48]) was used for all atoms except magnesium. For magnesium, the
standard 6-31G basis was employed. It should be noted that multiple
minimum energy points could be located in geometry optimizations.
We attempted to overcome this difficulty by performing in each case
numerous selections of the starting sets of coordinates for minimiza-
tion until the lowest energy was reached under the condition that the
hydrogen bond network in the immediate vicinity of the active site.
Below we shall use the notations His;, and Hisy, for the QM/MM
optimized model structures.

3. Results
3.1. The reaction path for the His;, model structure

Fig. 2 illustrates the geometry configuration of the ES complex as
optimized in QM/MM calculations. We show the immediate
participants of the chemical reaction, the phosphate groups of GTP
and the lytic water molecule, Wat1. The latter is oriented in a
perfect position for the in-line attack on <y-phosphate by the
hydrogen bond network which includes the side chain of His85. The
equilibrium distance between oxygen from the lytic water oxygen
and +y-phosphorus, 3.1 A, is typical for ES complexes for the
enzymatic hydrolysis of nucleotide triphosphates [7-9,31]. The
characteristic 6-fold coordination shell of magnesium cation is
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Fig. 2. Geometry configuration of the ES complex for the His;, model structure.

formed by oxygen atoms: O, and Op from GTP, two from water
molecules denoted as Wat in Fig. 2, and two from the side chains of
Thr25 and Thr65.

Fig. 3 illustrates the geometry configuration of the saddle point on
the potential energy surface or, in other words, of a transition state
(TS) for the only stage of the intrinsic chemical reaction occurring in
hydrolysis of GTP by EF-Tu. The Py-Op bond is cleaved, but the lytic
water molecule, Wat1, remains essentially unaltered. We recognize a
characteristic planar arrangement of the P03 group with the typical

distances, 2.2 A between P, and Ogy and between P., and oxygen of
Watl. The QM/MM energy of TS is 32 kJ/mol higher than the level of
ES.

The steepest descent from TS toward products led the system to
the stationary point on the potential energy surface, corresponding to
the enzyme-product (EP) complex, geometry of which is shown in Fig.
4. The inorganic phosphate, HPO,*" is formed and spatially separated
from GDP (the P,~Op. distance is 3.0 A). The protonated side chain of
His85 is a part of the hydrogen bond network. However, it is

Fig. 3. Geometry configuration of TS for the His;, model structure.
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Fig. 4. Geometry configuration of the EP complex for the His;, model structure.

reasonable to assume that after release of Pj, i.e. the stage which is not
modeled in this work, His85 returns to the conventional neutral status
by donating an extra proton to the environmental molecular groups.
The QM/MM energy of the EP complex is estimated to be 34 kJ/mol
lower than the level of ES.

Calculations of vibrational frequencies for the geometry config-
urations of ES, TS and EP allowed us to estimate entropic contributions
to the energies in the conventional rigid rotor-harmonic oscillator

e

Fig. 5. Geometry configuration of the ES complex for the His,, model structure showing the side chain of His85.

approximation. We obtained the following free energy differences at
300 K: 45 kJ/mol between TS and ES levels and 21 kJ/mol between ES
and EP levels.

3.2. The reaction path for the His,,, model structure

In Fig. 5 we show a view of the computed equilibrium geometry
configuration of the His,,; model structure indicating positions of the




B.L. Grigorenko et al. / Biochimica et Biophysica Acta 1784 (2008) 1908-1917 1913

~

Il

Thr25

Fig. 6. Geometry configuration of the ES complex for the His,, model structure.

side chain of His85 and of the hydrophobic gate Val20 and Ile61. This
picture may be compared to the view of heavy atoms in the crystal
structure 1EXM as illustrated in Fig. 1. Apparently, His85 in this
position cannot help to hydrolyze GDP in EF-Tu. Instead, the reaction
can proceed with the help of water molecules like GTP hydrolysis in
free Ras [8,21], ATP hydrolysis in myosin [9] or triphosphate
hydrolysis in water clusters [24,35,36]. The GTP molecule in EF-Tu
resides fairly close to the surface and, therefore, the protein cavity

\\\\( v

Thr25 I
=~

;

-
\
\

Watl

around the phosphate groups of GTP can accommodate several water
molecules. We show in Fig. 5 positions of the lytic molecule, Wat1,
and the water molecule, Wat2, which assists the reaction as clarified
below.

Fig. 6 presents another perspective of the computed geometry
configuration of the ES complex showing GTP, two active water
molecules, Wat1 and Wat2, and the magnesium coordination shell.
The lytic water Wat1 is oriented in favorable position for an in-line

Fig. 7. Geometry configuration of TS for the His,, model structure.
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Fig. 8. The transformations that lead to the formation of inorganic phosphate from the
TS shown in Fig. 7: the attack of hydroxyl from Wat1 and proton transfers.

attack on y-phosphate; however, it stays a little farther (3.3 A) from P,,
compared to the case of the His;, model system (3.1 A) as shown in
Fig. 2.

By selecting the distance between oxygen of Watl and P, as a
reaction coordinate we computed the minimum energy profile from
ES to TS for the Hiso,: model structure. The geometry configuration
of TS (or the saddle point) is illustrated in Fig. 7. Again we recognize
the characteristic motif of TS for the cleavage of the P,-Opy bond in
triphosphates with a planar arrangement of the POs; group and
almost unaltered lytic water molecule Wat1. Compared to the case
of the His;, structure (Fig. 3) the P, atom stays closer to the lytic
water oxygen (2.0 A) than to O (2.6 A) along the line O(Wat1)-P.~
Ogy. The estimated QM/MM energy of this TS is much higher (80 kJ/
mol above the corresponding level of ES) than that for the His;,
catalyzed reaction (32 kJ/mol). Therefore, the results of modeling are
consistent with the working hypothesis [13] on a substantial

W 4 L g
d Thr25 /

/ |

enhancement of the reaction if the His85 residue directly partici-
pates in hydrolysis.

The steepest descent from the computed TS toward products
allowed us to arrive to the stationary point on the potential energy
surface corresponding to the enzyme-product (EP) complex. The
inorganic phosphate, in this case, H,PO,™ is formed as a result of the
chain of proton transfers as illustrated in Fig. 8. This includes the
nucleophilic attack of hydroxyl from the breaking lytic water molecule
Wat1 on the ~y-phosphorus atom as shown by black arrow and two
proton transfers shown by blue arrows in Fig. 8. All these
transformations are barrier-less in this particular environment.

The resulting enzyme-product complex is illustrated in Fig. 9. Its
QM/MM energy is estimated to be 45 kJ/mol lower than the level of
the corresponding ES complex.

The estimates of entropic contributions resulted in the following
free energy differences at 300 K: 89 kJ/mol between TS and ES levels
and 39 kJ/mol between ES and EP levels.

4. Discussion

The results of molecular modeling GTP hydrolysis reaction for two
possible arrangements of switch II regions of EF-Tu are completely
consistent with the previously considered mechanisms of enzymatic
or solution reactions of triphosphates [7-9]. In both cases of protein
arrangements denoted here as His;, and Hisy, the minimum energy
reaction profiles correspond to the fairly low activation barriers with
the planar structure of the of the P,O3 group in the transition state
(TS) and almost unchanged lytic water molecule. The character of TS
is closer to the dissociative type reaction mechanism than to the
associative type, however, no metaphosphate intermediate is found
in the present simulations. Formation of the inorganic phosphate (Pi)
is responsible for irreversibility of the chemical reaction since the
energy levels of the enzyme-product (EP) complexes are lower by 34
or 45 kJ/mol for the His;, and His,, models, respectively, than those
of ES complexes. Creation of Pi proceeds differently for the His;, and
Hisoue protein matrices. In the His;, case His85 serves as a general
base abstracting the proton from the breaking lytic water molecule.

Fig. 9. Geometry configuration of the EP complex for the His,, model structure.
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In the case of the Hisy,: conformation formation of Pi results as a
consequence of proton transfers mediated by the water molecules
inside the EF-Tu protein cavity.

The results are consistent with the experimental observations
according to which GTP hydrolysis in EF-Tu, with the His85 side chain
far apart the active site, is very slow, about 5x107° s, while the
hydrolysis rate in the activated by the ribosome ternary complex EF-
Tu-GTP-aa-tRNA, and hence with the His85 side chain staying close to
the active site, is considerably higher. Our QM/MM calculations result
in the substantial decrease of the activation barrier in case of active
participation of His85 in the reaction compared to the case of GTP
hydrolysis by water molecules inside the protein cavity.

The reduction of the rate constant upon replacement of His85 by
Ala observed experimentally [13] is also consistent with our
mechanism, since Ala cannot serve as a proton acceptor from the
lytic water molecule. Another experimental result which suggests
that replacement of His85 with GIn shows only a slightly reduced
rate of intrinsic hydrolysis reaction compared to the native protein
[11-13] can be also understood within the present model. To clarify
the latter statement we performed additional series of QM/MM
calculations by substituting the side chain of His85 in the His;,
model structure by the Gln side chain. Unconstrained optimization of
geometry parameters resulted in the structure of the ES complex
shown in Fig. 10.

The relative position of the key participants of the reaction is here
almost precisely the same as in the ES complex for the Ras—RasGAP
catalyzed hydrolysis of GTP [8]. The lytic water molecule (Wat in Fig.
10) is oriented toward the y-phosphate of GTP by the carbonyl groups
of Gln and Thr62. In the Ras-RasGAP case the lytic water is oriented by

o N Thr25 Y
= N ,

P |

the GIn61 and Thr35 side chains (see Fig. 3 of Ref. [8]). As illustrated in
Fig. 4 of Ref. [8] for such an arrangement of the reagents the reaction
should proceed as follows. Upon decreasing the distance between
oxygen of Wat and P., of GTP, the P.,-Op bond is cleaved (as illustrated
by the red thick arrow in Fig. 10), the system overcomes the first
transition state and occurs in the configuration of a reaction
intermediate (Fig. 3 of Ref.[8]). The barrier height at this stage was
estimated as 36 kJ/mol for the Ras-RasGAP system [8]. Separated from
GDP +y-phosphate group, the side chain of GIn and lytic water are in
perfect position for a nucleophilic attack of the hydroxyl accompanied
by concerted proton transfers as illustrated by black arrows in Fig. 10
of this paper (or by the curl arrows in Fig. 3 of Ref. [8]). This stage of the
reaction from the intermediate to the products (inorganic phosphate
H,PO,~, GDP and tautomerized GIn) should proceed through the
barrier of the height less than 40 kJ/mol (Fig. 5 of Ref. [8]). Restoring
the amino form of Gln can be easily achieved upon leakage of water
molecules after release of inorganic phosphate. Such mechanism of
the GTP hydrolysis by G-proteins, according to which Gln abstracts a
proton from the attacking water molecule while simultaneously
donates a proton to a y-phosphate oxygen, has been also discussed by
Sondek et al. [49]. For the purposes of this paper it is important to
understand that mutation of His85 by GIn should not lead to dramatic
increase in activation barriers.

The only experimentally motivated conclusion not supported by
the present simulations is the proposal that His85 does not act as a
general base in the hydrolysis reaction [13]. The authors of Ref. [13]
expressed no doubts on the catalytic role of His85, but excluded its
efficiency as a general base following the results of studies of pH
dependence of the hydrolysis reaction rate for the slowly

Fig. 10. QM/MM optimized geometry configuration of the ES complex in the His;, protein conformation with the His side chain replaced by GIn.
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hydrolizable GTP analog, mant-GTPyS. Within the range of 6.5-8.5
pH units compared to the usual experimental conditions at pH=7.5
the reaction rate showed no dependence on pH which was at
variance with the expected behavior if a general base with a pKa of
about 7, presumably assigned to His85, were involved in catalysis.
Instead, the authors of Ref. [13] proposed that the catalytic role of
His85 is to stabilize reaction TS by hydrogen bonding to the lytic
water molecule or the <y-phosphate group of GTP. We may argue,
firstly, that mant-GTPvS is not a full substitute of natural GTP and,
secondly, that the pKa value of His85 buried inside the protein cavity
for the case of the His;, structure may lie outside the studied range
of 6.5-8.5 pH units. It seems difficult to specify another role of His85
in stabilizing the reaction TS at the mechanistic level. Apparently,
His85 is a part of hydrogen bond networks in geometry configura-
tions of all stationary points: ES (Fig. 2), TS (Fig. 3) and EP (Fig. 4). It
clearly stabilizes the TS (Fig. 3) by fixing the lytic water molecule
Wat1 by hydrogen bonds, but not the y-phosphate group of GTP.
However in order to complete the reaction by formation of inorganic
phosphate and to arrive to the configuration of the enzyme-product
complex His85 accepts the proton. The calculation results indicate
that the conformation of the EP complex (Fig. 4) with the protonated
His85 corresponds to the true minimum energy point with the
energy level lower than that of the ES complex. Therefore, molecular
modeling provides a direct evidence of such a development
compared to indirect evaluations based on solution pKa values for
His.

5. Conclusion

The results of molecular modeling provide support to the working
hypotheses [13] that the ribosome stimulates the intrinsic GTP
hydrolysis by the EF-Tu protein. This is achieved by promoting the
conformational reorganization that favors the side chain of His85
approach to the active site. The simulated reaction routes for the His;,
and His,,: protein conformations are characterized by distinctive
energy profiles with the considerably lower activation barrier for the
His;,, scenario.
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